Abstract-In order to cope with the required precision tracking and trigger capabilities from Run III onwards in the ATLAS experiment, the innermost layer of the Muon Spectrometer endcap (Small Wheels) will be upgraded. Each of the two New Small Wheels (NSW) will be equipped with eight layers of MicroMegas (MM) detectors and eight layers of small-strip Thin Gap Chambers (sTGC), both arranged in two quadruplets. MM detectors of large size (up to 3 m 2 ) will be employed for the first time in HEP experiments. Four different types of MM quadruplets modules (SM1, SM2, LM1, LM2), built by different Institutes, will compose the NSW. The Italian INFN is responsible for the construction of the SM1 modules. The construction is shared among different INFN units, Pavia being responsible for the readout panel construction. Due to the challenging mechanical specifications (with precisions of tens of microns over meters), the construction procedure has been optimized to obtain the required strip alignment precision in the panel. A number of data quality checks on both the components and the assembled panels are also needed to meet the required specifications.
I. INTRODUCTION
Part of the Phase-I upgrade [1] of the ATLAS experiment is the replacement of the existing Small Wheels in the end-cap region of the Muon Sprectrometer with the NSW in order to maintain a high performance of the muon tracking chambers as well as acceptable Level-1 trigger muon fake rates in a high luminosity environment (L = 2 × 10 34 cm −2 s −1 in Run III and later on L = 5 × 10 34 cm −2 s −1 in Run IV). The NSW will feature two chamber technologies, one focusing on the Level-1 trigger function (sTGC) and one dedicated to precision tracking (MM detectors) [1] - [5] .
Four types of MM quadruplets will be integrated in the New Small Wheel, divided into 128 quadruplets covering an active area of 1280 m 2 : SM1, SM2, LM1 and LM2 to be fabricated in Italy, Germany, France and Greece/Russia respectively. Each wedge will be composed of two MM quadruplets (see figure  1) .
In order to obtain the required muon momentum resolution, the MM quadruplets need to reach a spatial resolution of about 100 μm, which translates into a stringent request on the mechanical parameters of the panel. In particular, a planarity with maximum RMS of 37 μm, equivalent to a tolerance of ±110 μm with respect to the nominal value, is mandatory. In addition, strip alignment requirements of ±40 μm in the plane and ±60 μm side to side are imposed. Fig. 1 . The MM detector quadruplets that will be part of the NSW. The SM1 and SM2 make the small wedge, while the LM1 and LM2 quadruplets make the large one.
II. SM1 READOUT PANELS Each module or quadruplet consists of 3 drift panels (cathode) interleaved by readout (RO) panels, forming 4 gas gaps for particle detection (figure 2). The total surface of the SM1 module is about 2 m 2 . The Pavia group, as part of the INFN consortium, is responsible for building 66 RO panels. Each RO panel is composed of 10 PCB sheets with resistive strips and RO strips as shown in figure 2 . A large number of pillars form a fine grating PCB sheet surface, to maintain the correct distance between a metallic mesh and the strips. The PCB sheets are glued on both sides of the panel, 5 PCBs per side. The panel is made of aluminium frames, aluminum honeycomb sheets and cooling bars. Figure 3 shows each panel component on the granite table prior to the glue deposition and positioning of the second PCB layer.
The first full scale panel prototypes were assembled in May 2016 and tested in June at a dedicated CERN test beam. An additional prototype, based on upgraded construction techniques and QA/QC tooling, will be fabricated in the beginning of 2017. 
III. CONSTRUCTION PROCEDURE
The assembly was performed in a class 10000 clean room in Pavia, using a (350x200x35) cm 3 granite table (with a certified maximum deviation of 8 μm), on which a measurement system and the construction tools are placed. The construction of the panel is based on reference plates located on the granite table and a stiffback. The first RO plane is sucked on the reference plates of the table; the second on the stiffback. The two planes are then glued, with frames and honeycomb in between, to provide the appropriate thickness and rigidity to the final panel.
The reference plates are rectified aluminum plates, 20 mm thick and with planarity within 20 μm, which are anchored on the granite table and allows both for the correct positioning of the PCB and for their blockage, initially by means of precision pins inserted in corresponding precise holes, then using a vacuum system. The stiffback is composed of similar reference plates, mounted on a support made of 2 aluminum skins spaced by 10 cm aluminum honeycomb. The stiffback is attached to a crane and can be moved horizontally, vertically, and rotate to allow for an upward or downward facing of the RO plane on it, depending of the assembly phase.
A "dry-run" is performed to check the coupling of the stiffback with the reference plates and to get a reference measurement before gluing. The plates on the table and on the stiffback are precisely spaced by using a tapered and a V-shaped interlock, which allow the correct positioning of the PCBs in a XY plane. In addition, 18 flat supports are used to guarantee the correct distance between the reference plates of the stiffback and those of the table. At this point, the gluing of the two RO planes, frames, honeycomb and cooling bars is performed. The glue is automatically disposed by a remote controlled machine both on the PCBs on the table and those on the stiffback. The panel is closed, and left untouched for the rest of the day (18 hours), for glue curing.
The following day, the stiffback vacuum is turned off and the stiffback removed from the table, leaving the glued panel still sucked on the reference plates of the table. The planarity of the panel is measured by means of a CMM (Coordinate Measuring Machine), a device for dimensional measurements mounted on a bridge over the granite table. The measurement system can reach an accuracy of 3 μm over the entire detector surface. Before switching off the table vacuum, alignment inserts (for eta panels, with strips perpendicular to the two basis) or pins (for stereo panels, with strips slanted by 1. 
IV. PANEL QA/QC
A careful dimensional QA/QC on each component as well as on the completed panel is performed during the construction in order to detect faulty components or imprecisions and verify that all the mechanical specifications have been met. In addition, electrical tests on each single PCB and on the completed panel are performed in order to provide an additional check and verify potential issues discovered during the PCB QA/QC at CERN. Finally, gas leakage tests are carried out to detect planar imperfections on the frame region between PCB juctions where the o-ring sits, as well as to verify the gas tightness on the panel itself.
A. Dimensional Tests
The frames positioned in the internal structure of the panel are checked both for their dimensions, especially thickness, and for possible deviation from straightness (bending and torsion). The quality control aims at discarding frames outside tolerance, which may affect the planarity of the panel if used for construction. The frames are measured on a granite table with a Linear Height on all the sides, at a distance of 10 cm along their length. The real dimensions and deformations are then calculated. The honeycomb sheets are only checked for thickness with a micrometer. Due to the construction method described above, an extremely precise height measurement of the components is not needed, since the discrepancies are compensated by the glue layers. Still, there should be no interference with the PCBs (honeycomb too thick) or a too small distance between the PCBs themselves (honeycomb too thin).
The planarity of the PCBs placed on the reference plates is checked using the CMM machine. The granite table is equipped with 2 stainless steel rails positioned along the lateral sides, a support bridge moving along the X axis and holding a guide, which controls the Y position of the arm. The arm, aimed at measuring and gluing, has an additional Z degree of freedom. The movements along the 3 axes are provided by remotely-controlled step motors. The measurement is performed with a Digital Gauge, connected to the vertical arm and positioned on the surface to be measured. An Optical Line is responsible for measuring the Z position of the arm with respect to the bridge, in order to correct the limited reproducibility of the step motor positioning, further worsened by the motor backlash. Both the Digital Gauge and the Optical Line are read-out remotely by a PC, using a dedicated code written in LabView.
The same measuring procedure is followed for the PCBs positioned on the stiffback plates as well as for the entire panel, as described above.
B. Strip Alignment Tests
The PCBs undergo a careful QA/QC at CERN before arriving to the construction sites, therefore information such as the alignment of the strips on the PCBs is provided prior to the panel construction. Using this information it is possible to infer the precise alignment of the PCBs on the plates by reading the orientation of the PCB strips.
The strip alignment tests are achieved by an optical system reading coded masks printed on the outer PCB area according to the strip orientation. These masks are read by contact CCD (C-CCD) while the images are analysed via dedicated software known as the Rasnik monitoring system and developed by Brandeis University [6] . A total of 20 C-CCDs are read to determine each PCB's oriention, where the C-CCDs are inserted and fixed in the table and stiffback plates, as shown in figure 6 .
In order to determine the C-CCD position and calibrate the raw data provided by the Rasnik software, a jig made of FR4 layers with metallic spheres glued on its ends (figure 7) was constructed in Pavia. On top of each pair of spheres a surveyor with a dummy coded mask sits in such a way that the C-CCDs on the plate can read it. The jig is blocked by a circular and a V-shaped fixation and, to secure its contact with the fixations, an electrical system is integrated checking for displacements or rotations.
The jig will be used for both the table and the stiffback testing to determine the position of the fixed C-CCDs, and will be re-used during the mass panel production to ensure that no mechanical changes have taken place.
The raw data obtained by the Rasnik system correspond to the distance of the camera from the mask edge, so these local coordinates are translated into global panel coordinates through a series of calibration parameter-dependent transformations. 
C. Functionality Tests
Once the panel is completed (see figure 8) , a test to check for possible gas leakage is performed. The panel is inserted in a two-valves tool, which simulates two drift panels sandwiching the RO panel, and a small over pressure is applied. The gas flow is measured by sensors placed on the gas inlet and outlet, while a gas pressure measurement of the full volume is also recorded.
Additionally, pass/no-pass tests are performed on the junctions between PCBs where glue is deposited to compensate for the lack of frame. As mentioned before, these small areas should be as planar as possible since the gas o-ring is placed between each of them and the drift panel.
Some basic electrical tests are also carried out on the PCBs and panel in order to cross check with the results of the PCB QA/QC performed at CERN, and to also ensure that no damage has taken place during the construction of the panel.
The first test aims to measure the high voltage contact with the resistive strips and is achieved by measuring the strip resistance with an electrometer. Moreover, an electrical test to verify the insulation of the pyralux layer which cover the resistive strips is performed. A fake mesh is positioned on top of the panel, and 500 V are applied between the mesh and the resistive strips. The current drawn is measured for a few seconds, to check its stability. For this measurement a custom made picoammeter will be used to check for very low current levels.
V. CONCLUSIONS
The first full scale SM1 readout panels were built and the quadruplet was tested on late Spring 2016. Figure 8 shows an image of a complete readout panel. The performed measurements demonstrated that the panels were well within specifications.
Since the construction of the first prototype, updates on tooling and testing which aim to increase the speed and precision of panel construction have been implemented. To test those updates, a second quadruplet will be built in the beginning of 2017. The panel mass production will start on early Spring 2017, when 66 readout panels will be built in Pavia. The production period is expected to last about 20 months, and the NSW will be installed in ATLAS during the long shut-down starting in 2019.
